It is common in biomechanics to use previously frozen tissues, where it is assumed that the freeze-thaw process does not cause consequential mechanical or structural changes. We have recently quantified multiscale tendon mechanics and damage mechanisms using previously frozen tissue, where damage was defined as an irreversible change in the microstructure that alters the macroscopic mechanical parameters. Because freezing has been shown to alter tendon microstructures, the objective of this study was to determine if freezing alters tendon multiscale mechanics and damage mechanisms. Multiscale testing using a protocol that was designed to evaluate tendon damage (tensile stress-relaxation followed by unloaded recovery) was performed on fresh and previously frozen rat tail tendon fascicles. At both the fascicle and fibril levels, there was no difference between the fresh and frozen groups for any of the parameters, suggesting that there is no effect of freezing on tendon mechanics. After unloading, the microscale fibril strain fully recovered, and interfibrillar sliding only partially recovered, suggesting that the tendon damage is localized to the interfibrillar structures and that mechanisms of damage are the same in both fresh and previously frozen tendons.
Introduction
It is common in biomechanics to use previously frozen tissue samples when studying tendons and other fibrous musculoskeletal tissues. Previously frozen tissue has the advantage of convenience for transport and exchange of tissue when acquiring samples from commercial vendors or through collaborations. Storing tissue samples for mechanical testing later is a widely accepted practice. In addition, soft tissue allografts that are used for reconstructions are subjected to multiple freezethaw cycles before implantation to avoid biological degradation. 1, 2 In all of these situations, it is assumed that the process of freezing and thawing the tissue sample does not cause mechanical and structural damage, or that potential changes are minimal and inconsequential. Several studies have addressed the effect of freezing, and most studies observed no effect on mechanical parameters between fresh and previously frozen tissue. [1] [2] [3] [4] [5] [6] Minor effects of freezing have been observed for modulus, 7, 8 although other studies showed no effect of freezing on modulus. [1] [2] [3] [4] [5] As demonstrated in our previous studies, quantifying only macroscale modulus and failure parameters cannot capture key structure-function relationships that are related to damage and tissue microstructure in fiber-reinforced tissues, such as meniscus 9 and tendon. 10 Thus, this study aims to introduce macroscale and microscale mechanical parameters that are relevant to damage, where damage is defined as an irreversible change in the microstructure that alters the macroscopic mechanical parameters, 10 and evaluate the effect of freezing by comparing novel parameters that were established in our earlier studies. 9, 10 We have recently shown, using previously frozen tissue, the changes in macroscale mechanical parameters are closely associated with the microscale tendon damage. Specifically, damage was localized to the interfibrillar structure, not to doi: 10.1111/nyas.13460 the load-bearing collagen fibrils. In several other studies, minor freezing effects on microstructure were observed, such as increases in interfibrillar space 11, 12 and fibril diameter. 11, 13 Yet, it is unknown whether these microstructural changes affect tendon micromechanics. Because damage is related to microstructural changes, and microstructural alterations have been shown to occur with freeze-thaw cycles, [11] [12] [13] it is unclear if freezing alters tendon damage mechanisms. Therefore, the novelty of the study is in investigating the effects of freezing on tendon mechanics and damage mechanisms at multiple length scales. The objective of this study was to test the hypothesis that carefully controlled freezing does not alter tendon multiscale mechanics and damage mechanisms and to confirm this qualitatively using scanning electron microscopy (SEM) of the fascicle. Understanding the effects of freezing on tendon mechanics can improve the design of future experiments and standard practice in biomechanics.
Methods

Sample preparation
Rat tail tendon fascicles were harvested from six 4-to 7-month-old Long-Evans female rats. The study was conducted with two groups: fresh and frozen (n = 10/group). The fresh group was dissected and mechanically tested within 7 h of sacrifice. The entire tail was excised, and a portion of rat tail, with the skin remaining intact to cover the tendons, was obtained by keeping only the 8-cm-long proximal end of the tail. Fascicles were dissected from the tail for mechanical testing using forceps. The proximal end of rat tail (i.e., 8 cm long with skin intact) was wrapped in PBS-soaked gauze and placed in a plastic bag to be frozen at -20°C for separate future studies. 10, 14 The frozen group (n = 10) was prepared similarly to the fresh group, except the tendon was previously frozen in situ within the tail with the skin intact. On the day of mechanical testing, the 8-cm-long tail segment, which was wrapped in PBS-soaked gauze and a plastic bag, was placed in warm water for 30-60 min to thaw. After thawing, fascicles were pulled from the tail for mechanical testing using forceps, as above. The average number of freezethaw cycles for the frozen group was two, and the maximum number of freeze-thaw cycles was three. For the samples that underwent two or three freezethaw cycles, the exact same freezing and thawing procedure was conducted as above; that is, the intact tail segment was frozen while wrapped in PBSsoaked gauze and a plastic bag. 10, 14 The maximum storage time was limited to 6 months.
After isolating the fascicle for testing as described above, all procedures were identical for the fresh and frozen groups. First, 1 mm was cut from each end, removing any potential tissue that may have been altered because of handling during sample excision and preparation. We stained each sample with 10 g/mL 5-(4,6-dichlorotriazinyl) aminofluorescein (5-DTAF, Life Technologies) in PBS for 45 minutes. This concentration is low enough to minimize the effect of 5-DTAF on mechanics. 15 We tested the tendon fascicle on a custom-made uniaxial testing device with a PBS bath mounted on an inverted confocal microscope (LSM 5 LIVE, objective Plan-Apochromat 10 × /0.45) as previously described.
14 Each sample was soaked in PBS at room temperature for at least 3 h before testing to allow the sample to reach equilibrium. In addition, all samples were kept at room temperature from the beginning of 5-DTAF staining to the end of mechanical testing.
Mechanical testing protocol
The mechanical testing protocol (Fig. 1A) was similar to our previous study. 10 We preloaded each fascicle to 0.5 g (ß5 mN) to define the reference length and preconditioned each with five cycles of 2% grip strain (i.e., grip-to-grip displacement). Then, we ramped the tendon to 6% and held it at a constant strain level for 15 min of stress relaxation. We chose 6% strain to induce damage on the basis of our previous study. 10 The sample was unloaded to the reference length and held at its reference for 40 min, and then loaded at a constant rate until failure. The strain rate for all loading and unloading was 1%/second. To observe the effect of damage, we quantified the fascicle-level parameters at two different time points of the test protocol. Baseline refers to parameters calculated from the initial ramp (i.e., predamage state) and diagnostic refers to parameters calculated from the ramp to failure (i.e., postdamage) (Fig. 1A) . While the applied grip-to-grip strain was 6%, optical imaging generated tissue strain values of 4.9 ± 0.9% and 4.8 ± 1.1% for the fresh and frozen groups, respectively, with no significant difference between the groups. 
Data acquisition
To measure the tissue strain (ɛ), we applied two ink markers directly to the tendon using a permanent marker and imaged with a charge-coupled device camera to track marker displacement using digital image correlation (Vic 2D, Correlated Solutions). In addition, we quantified the transverse strain and fibril-level parameters (i.e., fibril strain and interfibrillar sliding) using a confocal microscope. The confocal image stacks were taken after preconditioning to reconstruct the cross-sectional area. To determine the cross-sectional area, we measured both major and minor axes of each sample and fitted an ellipse, and this area was used to calculate the stress (σ) from the applied load (σ = load/area). Throughout the test, we acquired confocal images at eight time points, represented by blue dots (Fig. 1A) : a reference image, at the beginning and end of the stress relaxation period, and every 10 min during the 40-min rest period.
Scanning electron microscopy
For both the fresh and frozen groups, one sample per group was prepared for SEM to study fascicle ultrastructure. Each sample underwent the same dissection and storage procedure as above, and, for the frozen group, the sample underwent two freezethaw cycles. Each sample was incubated in PBS at room temperature for at least 3 hours. Using insect pins, we pinned the sample in a straight line and fixed it for 48 h in 4% SEM-grade paraformaldehyde. After fixation, the sample was incubated in 30% sucrose until it sank to the bottom, which took about 20 min with agitation. After a quick rinse in PBS, the sample was cut into smaller pieces, embedded in optimal cutting temperature compound, and frozen using copper blocks cooled with liquid nitrogen to freeze the tissue without direct contact with liquid nitrogen. Using a cryostat blade, the sample was cut longitudinally to observe the interior ultrastructure. The sample was left in deionized water overnight to wash the embedding medium. The next day, we fixed the sample with 1% osmium tetroxide for 1 hour. The sample was then dehydrated in graded ethanol, critical point dried, mounted on SEM stubs using carbon tabs with cut-phase exposed surfaces, and coated using platinum. We examined the tendon at two different magnifications, 6000× and 35,000×, using a Hitachi S-4700 operating at 3 kV. The images were used to qualitatively assess the effect of freezing on tendon ultrastructure.
Data analysis
Fascicle-level parameters. The fascicle-level stress-strain (σ − ε) data were calculated by dividing the tensile force by the original crosssectional area to calculate stress and tracking marker displacement to calculate tissue strain. The σ − ε data up to the inflection point, defined as a point where the stress-strain curve shifts from strain stiffening to strain softening, 9 were used to determine the transition point and modulus. This ensured quantification of only the linear region of the modulus before strain softening (Fig. 1B) . The inflection point was calculated by fitting a cubic smoothing spline using the csaps function in MATLAB and finding the first zero crossing point of the second derivative.
The σ − ε data from zero to the inflection point were then fit with a nonlinear constitutive model (Eq. (1)) to simultaneously calculate linear region modulus (E ), transition strain ( p), and transition stress (q ), where the transition point was defined as the end of the nonlinear toe-region (Fig. 1B) :
This equation was fully defined by three parameters: p and the constants A and B. From algebraic evaluation of Eq. (1), at the transition point (i.e., ε = p), the transition stress can be expressed as q = ( p) = A * (exp(B p) − 1). Using the MAT-LAB function fmincon, the parameter values (A, B, and p) were simultaneously optimized to minimize the mean square error.
The fascicle-level parameters, including the transition strain, transition stress, linear region modulus, inflection point strain, and inflection point stress, were calculated for both baseline and diagnostic ramps. Particularly, we were interested in transition strain, linear region modulus, and inflection point strain, which were previously established as metrics useful in studying damage. 10 To quantify the effect of damage, we calculated the change in each parameter ( ), defined as = diagnosticbaseline (Fig. 1) . In case of no damage, the values of the parameters for the diagnostic and baseline are the same, and = 0. In contrast, the is a nonzero value if there is an observable effect of damage.
The transverse strain (ε T ) was calculated by measuring the change in fascicle width (w), where w was the major axis of the cross-sectional profile acquired from confocal images, as ε T = (w o − w i )/w o ), where w o is the reference width and w i is width at the strain increment of interest. In addition, we fitted an exponential decay function, f (t) = C * exp(−t/τ T ), where C is a constant, to quantify the transverse strain recovery response by quantifying the time constant (τ T ).
Fibril-level parameters. The fibril-level deformations were measured using a confocal microscope. Four lines, separated by 200 m, were photobleached perpendicular to the fibril direction to measure deformations. The lines were tracked to calculate the fibril strain and interfibrillar sliding, a measurement for deformation of interfibrillar structure, as previously described (Fig. 1C) . 10, 14, 15, 17, 18 The interfibrillar sliding was decomposed into three components: elastic, viscoelastic, and nonrecoverable. These components were calculated using the data collected at the end of loading (EL), start of rest (SR), and end of rest (ER) (Fig. 1A) . The elastic sliding recovery, defined as the instantaneous recovery upon unloading, was calculated as:
The viscoelastic sliding recovery, defined as the time-dependent recovery at ER after subtracting out the elastic sliding recovery, was calculated as:
We also fit an exponential decay equation, f (t) = D * exp(−t/τ I ), where D is a constant, to the interfibrillar sliding viscoelastic sliding recovery response to quantify the time constant (τ I ). Finally, the nonrecoverable sliding, which represents damage at the fibril level, was defined as the percentage of permanent sliding that remained at ER. It was calculated as the sliding value at EL minus the elastic and viscoelastic recovery. frozen groups. To test whether freezing tissue affects the tendon mechanics at the macroscale, each of the parameters, including , transition strain, transition stress, linear region modulus, inflection point strain, and inflection point stress, was compared using two-tailed t-tests. We also separated the parameter into baseline and diagnostic to test whether there was a difference within each baseline and diagnostic between fresh and frozen using two-tailed t-tests. At the fibril level, the comparisons between fresh and frozen parameters were made, including the transverse strain (τ T ), interfibrillar sliding (τ I ), elastic recovery, viscoelastic recovery, and nonrecoverable sliding. These comparisons were performed using two-tailed t-tests to test whether freezing had any effect on tendons at the microscale.
Statistical methods
Our second hypothesis was that the damage mechanisms are similar between the fresh and frozen groups. To test this hypothesis at the macroscale, we used two paired tailed t-tests to compare baseline and diagnostic within the fresh and frozen groups, specifically focusing on transition strain, linear region modulus, and inflection point strain. These parameters showed an effect of damage in our previous study of previously frozen tissue. 10 For all statistical tests, significance was set at P = 0.05, and all the statistical analyses were conducted using Graphpad Prism.
Results
Fascicle-level parameters
At the fascicle level or macroscale, we compared the fresh and frozen mechanical parameters individually at the baseline (i.e., predamage) and diagnostic (i.e., postdamage), and also compared the fresh and frozen groups using the parameter, a representation of damage at the macroscale. There was no difference between the fresh and frozen groups at either baseline or diagnostic for any of the parameters, including transition strain and stress, linear region modulus, or inflection strain and stress (P > 0.07 (Fig. 2) ). In addition, there was no difference between the fresh and frozen groups for the parameters for all of these parameters (P > 0.60 ( Fig. 3A-E) ).
Damage was previously quantified at the macroscale in previously frozen tissue, by differences between baseline and diagnostic, 9,10 and we used similar comparisons to test whether these differences were maintained in fresh tendons. When we compared the baseline and diagnostic within each group, the transition strain ( Fig. 2A) and inflection point strain (Fig. 2D) significantly increased for both the fresh (P < 0.05) and frozen groups (P < 0.0005), consistent with our previous findings. 10 Additionally, the linear region modulus (Fig. 2B) did not change from baseline to diagnostic, as expected, for either group (P > 0.17). The stress relaxation was 52.7 ± 6.9% and 57.1 ± 2.6% for the fresh and frozen groups, respectively, and was not different when comparing baseline and diagnostic.
The transverse strain fully recovered for both groups (Fig. 4A) , and the time dependency of the transverse strain recovery was quantified using an exponential decay function. The time constant averaged 0.47 ±0.51 and 0.52 ± 0.24 min for the fresh and frozen groups, respectively (Fig. 4B) , with no difference between the two groups. Similarly, the constant C averaged -0.11 ± 0.12 and -0.13 ± 0.04 for the fresh and frozen groups, respectively, with no difference between the two groups (P > 0.47). Three samples from the frozen group were not included in the exponential curve fit, because these recovered their transverse strain immediately upon unloading with no time-dependent recovery. Although only the frozen group showed immediate recovery, this is likely due to an experimental variation, since the acquisition of microscale confocal images was delayed in these samples. In summary, there was no difference between fresh and frozen tendons for any of the macroscale parameters.
Fibril-level parameters
Because tendon microstructural changes have been observed at the fibril level owing to freezing the tendon, [11] [12] [13] we were particularly interested in evaluating the effect of freezing on mechanics at the fibril level. The fibril strain fully recovered (Fig. 5A) upon unloading, and interfibrillar sliding partially recovered (Fig. 5B) for both the fresh and frozen groups. The interfibrillar sliding time constant, which averaged 2.27 ± 1.19 min for the fresh group and 2.25 ± 2.16 min for the frozen group, was not different between the groups (Fig. 5C) . Similarly, the constant D averaged 9.60 ± 4.21 and 7.40 ± 2.94 for fresh and frozen, respectively, with no difference between the two groups (P > 0.19). When the interfibrillar sliding recovery was decomposed into elastic sliding recovery, viscoelastic sliding recovery, and nonrecoverable sliding, there was still no significant difference between the two groups ( Fig. 6 ; P > 0.78). Notably, the nonrecoverable sliding, which represents damage at the fibril level, was very similar, averaging 48.9 ± 17.4% and 49.4 ± 17.7% for the fresh and frozen groups, respectively (Fig. 6C) . There was no difference between the fresh (0.043 ± 0.008°) and frozen groups (0.034 ± 0.015°) for the maximum amount of sliding (i.e., sliding measured at EL).
When studying the microscale damage mechanisms, the fresh group showed the same damage mechanisms that we previously established in previously frozen tissue. 10 The fibril strain fully recovered (Fig. 5A) , suggesting that there is no damage to the load-bearing collagen fibrils. In addition, the interfibrillar sliding only partially recovered (Fig. 5B) , with 50% nonrecoverable sliding, suggesting that damage is localized to the interfibrillar structure. The qualitative observation of tendon ultrastructure using SEM revealed that the fibril morphology and organization are similar in the fresh and frozen groups (Fig. 7) . In summary, at the fibril level, there was no difference between the fresh and frozen groups, and the damage mechanisms were also the same.
Discussion
This study investigated the effect of freezing on multiscale tendon mechanics and novel damage mechanisms. At both the fascicle and fibril levels, there was no difference between the fresh and frozen groups for any of the parameters measured in this study, suggesting that there is no effect of freezing on tendon microscale mechanics. We also showed that the fibril strain fully recovered (Fig. 5A) , and interfibrillar sliding was only partially recoverable ( Fig. 5B) , suggesting that tendon damage is localized to the interfibrillar structures and that the mechanisms of tendon damage are the same in both fresh and previously frozen tendons. The novelty of the study is that we demonstrated that there is no effect of freezing by introducing novel macroscale parameters, quantifying microscale mechanics, and evaluating the effect of freezing on damage mechanisms, which have not been addressed in previous studies.
Effects of freezing on tendon mechanics
This study demonstrated that there is no difference between fresh and frozen groups at both the macroand microscales. Our findings are consistent with other studies using tendon and ligament that compared fresh and frozen groups at the macroscale. [1] [2] [3] [4] [5] [6] (A) (B) (C) Notably, there was no difference at the microscale, despite the previously observed increase in interfibrillar space 11, 12 and increase in fibril diameter 11, 13 following freezing. While the formation of ice crystals may alter collagen integrity, this alteration has only been observed in engineered biomaterials. 19, 20 This suggests that native tendon and ligament are unaffected by the ice crystals, especially when carefully frozen. We preserved fascicles by freezing the whole rat tail with its skin intact without freezing the isolated individual fascicles, and placing fascicles in plastic bags, wrapped in PBS-soaked gauge. This likely helped protect the tendon to maintain its micromechanics throughout the freeze-thaw process. In addition, we set a limit of three freezethaw cycles to minimize the effect of freezing. 2 The method of storage and number of freeze-thaw cycle may be important in preserving the mechanics of tendons and ligaments, and the protocol used in this study was effective for this preservation.
Effects of freezing on damage mechanisms
Freezing tendons had no effect on damage mechanisms at either length scale. At the macroscale, we used previously established mechanical parameters that reflect tendon damage. Similar to other studies, we observed elongation of the toe region (i.e., increase in transition strain) [21] [22] [23] and increase in inflection point strain, 10 which can mark a damage threshold. 10 Thus, this study suggests that the damage initiates at the same strain level for both the fresh and frozen groups (i.e., baseline inflection point). Interestingly, there was no difference between baseline and diagnostic linear region modulus, as expected. 10, [22] [23] [24] [25] All of the macro-and microscale parameters were within a standard deviation of the results of our previous study, 10 except for the interfibrillar and transverse time constants, which were likely due to the use of different rat strain, age, and gender. At the microscale, we observed full recovery of fibril strain and partial recovery of interfibrillar sliding, which is consistent with our previous study. 10 In both groups, the nonrecoverable sliding averaged about 50%. Thus, the damage mechanisms investigated in previously frozen tendon can be applied to fresh tendons. In addition, the fibril morphology and organizations were similar for both groups, suggesting that freezing, using this protocol, does not have an effect on the ultrastructure of tendons. This supports the use of previously frozen tissue for future experiments with a careful consideration of the method of storage and number of freeze-thaw cycles. The limitation of the study was that we combined samples that underwent from one to three freeze-thaw cycles into a single group. Although it is possible that there is a difference between samples that underwent one and three freeze-thaw cycles, a previous study in human flexor tendons demonstrated no difference in mechanics between samples that underwent one and three freeze-thaw cycles. 2 In addition, several studies did not observe a difference among samples that underwent multiple freeze-thaw cycles; there was no difference between human patellar tendon that underwent one and eight freeze-thaw cycles, 1 and human Achilles tendon that was fresh or underwent five freezethaw cycles. 6 Thus, combining all freeze-thaw cycle groups into a single group was unlikely to cause any difference. In addition, while it is possible that the freezing can affect other types of tendons differently, because of a difference in their microstructure, this is unlikely because the rat tail tendon is smaller than most tendons used in research, and thus it is more likely than other tendons to be vulnerable to potential freezing effects.
Conclusions
This study used multiscale mechanics to evaluate the effect of freezing on tendon mechanics and damage mechanisms. Our study demonstrated that there was no difference between fresh and frozen tendons in any of the macro-and microscale parameters up to three freeze-thaw cycles. In addition, we observed full recovery of the load-bearing fibrils but partial recovery of interfibrillar sliding at the microscale, indicating that damage is localized to the interfibrillar structures for both fresh and frozen tendons. We conclude that the damage mechanisms observed in frozen tendons are applicable for fresh tendons and support the use of previously frozen tissue for future experiments, with careful consideration of the method of storage and number of freeze-thaw cycles.
